The treatment delivery time of intensity-modulated radiation therapy (IMRT) with a multileaf collimator (MLC) is generally longer than that of conventional radiotherapy. In theory, removing the flattening filter from the treatment head may reduce the beam-on time by enhancing the output dose rate, and then reduce the treatment delivery time. And in practice, there is a possibility of delivering the required fluence distribution by modulating the unflattened non-uniform fluence distribution. However, the reduction of beam-on time may be discounted by the increase of leaf-travel time and (or) verificationand-recording (V&R) time. Here we investigate the overall effect of flattening filter on the treatment delivery time of IMRT with MLCs implemented in the step and shoot method, as well as with compensators on six hybrid machines. We compared the treatment delivery time with/without flattening filter for ten nasopharynx cases and ten prostate cases by observing the variations of the ratio of the beam-on time, segment number, leaf-travel time and the treatment delivery time with dose rate, leaf speed and V&R time. The results show that, without the flattening filter, the beam-on time reduces for both static MLC and compensator-based techniques; the number of segments and the leaf-travel time increase slightly for the static MLC technique; the relative IMRT treatment delivery time decreases more with lower dose rate, higher leaf speed and shorter V&R overhead time. The absolute treatment delivery time reduction depends on the fraction dose. It is not clinically significant at a fraction dose of 2 Gy for the technique of removing the flattening filter, but becomes significant when the fraction dose is as high as that for radiosurgery.
Introduction
Different techniques have been developed to deliver IMRT treatments. Among them, multileaf collimator (MLC) and compensator techniques are the most popular ones. Currently, the treatment delivery time of the MLC-based technique is one to five times as long as that of conventional treatment. Many algorithms have been developed to generate the appropriate leaf sequences to minimize the total treatment delivery time. If the MLC-based IMRT is delivered in dynamic mode (DMLC), minimizing the total treatment delivery time is equivalent to minimizing the beam-on time, because the beam is always on while the leaves are moving (Convery and Rosenbloom 1992 , Spirous and Chui 1994 , Svensson et al 1994 . If the MLCbased IMRT is delivered in static mode (SMLC), the total treatment delivery time consists of beam-on time, leaf-travel time and verification-and-recording (V&R) overhead time, and is equal to the summation of the first component and the larger of the other two components. This V&R overhead time plays an important role in developing leaf segmentation algorithms. For a system with a longer V&R overhead time, minimizing the number of segments may significantly reduce the treatment delivery time. And for a system with a relative shorter V&R overhead time, minimizing the beam-on time may give the minimum treatment delivery time. Algorithms have been developed to minimize the total treatment delivery time by generating the appropriate leaf sequences for consideration of different V&R overhead time (Xia and Verhey 1998 , Siochi 1999 , Dai and Zhu 2001 , Crooks et al 2002 , Kamath et al 2003 .
A compensator has been used to correct the surface irregularities and compensate for the tissue inhomogeneities for decades (Ellis et al 1959 , Wilks and Casebow 1969 , Jackson 1970 . Recently, it has also been used to deliver IMRT (Mageras et al 1991 , Jiang and Ayyangar 1998 , Basran et al 1998 , Chang et al 1999 . The compensator-based IMRT has some advantages over MLC-based techniques, including higher spatial resolution in the direction normal to the leaf travelling, simpler quality assurance (QA) and no match-line problems (IMRT collaborative working group 2001). However, the compensator-based IMRT has its own disadvantage. It is labour intensive and time consuming. The mold room technician must fabricate a compensator for each individual beam, and the therapist must manually change the compensator for each individual beam during treatment. But these disadvantages may be partly overcome by using an automatic milling machine to ease the technician's work and a tool suggested by Popple and Rosen (2000) to free the therapist from changing compensator.
Most IMRT techniques are implemented on conventional linear accelerators, which are designed to provide large, uniform x-ray fields for conventional radiotherapy. To even out the transverse fluence distribution, a flattening filter is usually added. As for IMRT, the field sizes are relatively small, and the required fluence distributions no longer need to be uniform. Therefore, in theory, adding a flattening filter is not necessary. That is to say, the required fluence distributions can be achieved by modulating the unflattened non-uniform fluence distribution directly. In the debates whether linear accelerators used for IMRT should be designed as small field, high intensity, intermediate energy units (Subramanian et al 2002) , the physicist arguing for the proposition states that a smaller beam means that the thick flattening filter could be diminished or even eliminated, thereby enhances the dose rate available for IMRT. In contrast, the physicist arguing against the proposition states that it is the collimating system rather than the linac's dose rate that causes longer IMRT delivery time; it is meaningless by enhancing the x-ray dose rate. It is well known that the dose rate of the unflattened beam is higher than that of the flattened beam. O'Brien and Gillies (1991) have proved that the beam-on time that is equivalent to the treatment delivery time would be reduced significantly for radiosurgery by using unflattened 6 MV photon beams. However, the situation becomes different when IMRT is executed without the flattening filter. The treatment fields of IMRT are normally larger than those of radiosurgery. The reduction of beam-on time may be discounted by the increase of leaf-travel time and (or) verification-and-recording time. In this study, we compare the treatment delivery time for the MLC-based IMRT technique and compensatorbased IMRT technique with/without flattening filter under certain conditions to see whether it is useful to remove the flattening filter while IMRT treatments are being delivered.
Materials and methods

Linear accelerator and treatment planning system (TPS)
The BJ-6B linear accelerator of Beijing Medical Equipment Institute was used in our study. It produces a 6 MV photon beam. Its flattening filter can be moved in or out of the beam by a control circuit. The beam data, including central axis depth dose curves, open field aligned profiles and diagonal profiles, were collected, and fitted for the flattened and unflattened beam according to the configuration requirements of a three-dimensional treatment planning system (Focus version 3.2.1, CMS). The BJ-6B linear accelerator does not have a MLC. Therefore, we assumed that it had an Elekta-type MLC (40 pairs of leaves with a leaf width of 1 cm at the isocentre plane), or a Siemens-type MLC (29 pairs of leaves with a leaf width of 1 cm at the isocentre plane for the central 27 pairs of leaves), or a Varian-type MLC (also 40 pairs of leaves with a leaf width of 1 cm at the isocentre plane). There are six hybrid new machines created in the Focus TPS: two with the Elekta-type MLC with/without flattening filter, two with the Siemens-type MLC with/without flattening filter and two with the Varian-type MLC with/without flattening filter. Each type of MLC has its own leaf movement constraints. The Elekta MLC provides 32.5 cm of continuous leaf travel with 12.5 cm travel over the centre, and requires the maintenance of a minimum gap of 5 mm between leading and trailing leaves and to align with their adjacent counterparts. The Siemens MLC provides 30 cm of continuous leaf travel with 10 cm travel over the centre, and allows the leaves to close and to align with their adjacent opposite counterparts, but not pass. The Varian MLC provides 36 cm of continuous leaf travel with 16 cm travel over the centre, but the leaf must not be more than 14.5 cm out of the carriage position, and it allows full interdigitation, i.e. leaves may pass their opposite adjacent counterpart.
Two model-based algorithms are used in Focus TPS: fast Fourier transformation (FFT) convolution (Mackie et al 1985) and multigrid superposition (MGS). The FFT convolution algorithm computes dose distributions by convolving the total energy released by a pencil beam with a Monte Carlo-generated energy deposition kernel (Mackie et al 1988) while the MGS algorithm computes dose distributions by superposing the dose distributions of all pencil beams. The MGS algorithm gives more accurate dose calculations than FFT convolution does in the presence of tissue inhomogeneities. The algorithm parameters, including energy spectra, are manually fitted by iterating, experimenting-learning method until the model-reproduced profiles and the measured ones are within certain tolerances (e.g., central-axis depth doses are within 0.5% for depth between the depth of maximum dose (d max ) and the depth of 20 cm). To produce an IMRT plan, the system first works out the ideal fluence map through an optimization process, then generates the leaf sequences with a leaf segmentation algorithm for the MLCbased technique or generates the compensators for the compensator-based technique. The system only supports the MLC-based technique in static mode, and has two leaf segmentation algorithms, i.e. sliding window and IMFAST. The sliding window segmentation algorithm, credited to Bortfeld et al (1994) , is provided by Focus to generate the leaf segments and it supports the 'step and shoot' approach for MLC-based IMRT delivery. IMFAST is a Siemens proprietary leaf sequencer which is supported in Focus only for Siemens machines. Finally, the system performs an evaluation dose calculation.
In our study, the following settings were used: the MGS algorithm for dose calculations, a convergence criteria of 0.01% for the optimization process, ten fluence levels for discretization of fluence maps, the sliding window segmentation algorithm for SMLC, a spatial resolution of 0.5 × 0.5 cm 2 for the compensator matrix and the .decimalBrass of CMS as the compensator material.
Patient selection, dose prescription and treatment planning
Ten patients with recurrent nasopharyngeal carcinoma and ten patients with localized prostate carcinoma were selected for this study. Patients were immobilized with masks in supine position. Planning CT scans were performed at 3 mm slice thickness for nasopharynx patients and at 5 mm slice thickness for prostate patients using a dedicated helical CT scanner (Siemens Somatom Plus 4). The CT images were transferred to Focus TPS through network (Siemens Lantis). The clinical target volume (CTV) was contoured by a radiation oncologist on each set of the CT images. For nasopharynx patients, a margin of 0.5 cm was added to the CTV in all directions to generate the planning target volume (PTV). The volumes of the PTVs ranged from 60 cm 3 to 371 cm 3 (median 132 cm 3 ). The brain stem and parotids were delineated. For prostate patients, a margin of 0.5 cm was added to the CTV in anterior and posterior directions and 1 cm in the other directions to generate the PTV. The volumes of the PTVs ranged from 131 cm 3 to 417 cm 3 (median 258 cm 3 ). The bladder and rectum were also contoured on the images. The computation volume was extended to the entire CT dataset at least 5 cm beyond upper and lower limits of the PTV.
The treatment planning goal was to deliver a prescribed dose of 70 Gy to cover at least 95% of PTV in 35 fractions under the constraints that the maximum dose of brain stem should be less than 45 Gy, and the V 30 Gy (the percentage volume receiving more than 30 Gy) of parotids should be less than 50% for nasopharynx patients and the V 50 Gy (the percentage volume receiving more than 50 Gy) of both bladder and rectum should be less than 50% for prostate patients.
For each patient, eight IMRT plans were generated. All the plans used the same beam arrangement with five coplanar beams equi-spacing in 360
• space beginning with 0
• . Six of the IMRT plans were executed by SMLC technique on the six hybrid machines. The rest of two IMRT plans were carried out by compensator technique on the two Siemenstype machines. These eight plans were actually four pairs of plans: flattened/unflattened Elekta-type MLC-based IMRT plans, flattened/unflattened Siemens-type MLC-based IMRT plans, flattened/unflattened Varian-type MLC-based IMRT plans, and flattened/unflattened compensator-based IMRT plans. For the purpose of comparison, all plans were normalized to make 95% of PTV receive the prescribed dose of 70 Gy.
Comparison indices
The following indices were used for comparison of each pair of flattened/unflattened plans: (a) the ratio of the beam-on time, R on , which was calculated by equation (1); (b) the ratio of the total number of segments, R seg , which was calculated by equation (2); (c) the ratio of the total leaf-travel time, R mlc , which was calculated by equation (3); (d) the ratio of the treatment delivery time, R T , which was calculated by equation (4), where T total is the sum of all beams' delivery time and calculated by equation (7). 
For the MLC-based SMLC technique, the delivery time of each field, τ , comprised the sum of the total beam-on time, the V&R overhead for each segment and the total time for leaf travel. It can be expressed by Siochi (1999)
where d r is the dose rate, M i is the number of monitor units for the ith segment, the function Max takes the maximum value of its arguments, V t is the V&R overhead, v is the leaf speed, x j i is the position of the jth leaf in the ith segment and the argument list for the second Max function extends from j = 1 to 58 (for Siemens-type MLC) or 80 (for Varian-type and Elektatype MLC). The position of each leaf in each segment can be obtained from a TPS exported ASCII file generated by RTP link. This equation is simply the sum of the beam-on time and the sum of the overheads where the overheads may be provided either by the verificationand-recording time or by the time taken to move leaves, whichever is greater. But for Elekta type linac, there is a startup time (t s ) for beam on between segments, and so the delivery time should be expressed by
The total treatment delivery time, T total , is
where τ m is the delivery time for the mth beam. It should be noted that the time for patient set-up and the time for gantry rotation were not considered due to their uncertain nature. For the Elekta-type and Siemens-type SMLC technique, there is an overhead V&R time per segment, which is about 12 s on the Siemens Primus machine. With improvements in the autosequencing control software, a shorter V&R overhead is possible. Therefore, only the influence of V&R overhead time on the total delivery time was studied by setting V t to 12 s, 6 s and a V&R that considered only the leaf travel, respectively. The dose rate was fixed to 300 MU min −1 , and the leaf speed was set to 2 cm s −1 . The t s was set to 1 s for the Elekta-type machine, and 0 s for the Siemens-type machine. The R mlc was calculated for the V&R that considered only the leaf travel.
The Varian-type SMLC technique requires no intervention between the delivery of the segments, and so V t is 0. The t s was set to 0 s. The dose rate of the Varian machine can range from 100 to 600 MU min −1 , and the leaf speed is not less than 1.5 cm s −1
. Therefore, the influence of dose rate and leaf speed on the delivery time were analysed by setting d r to 300 and 600 MU min −1 , v to 1.5, 2 and 3 cm s For the compensator-based IMRT technique, the total beam-on time for all beams can be expressed by
where M m is the number of monitor units for the mth intensity-modulated beam (IMB) and d r was set to 300 MU min −1 . Because the time for changing compensators highly depends on the adopting method, and may vary from institute to institute, the total delivery time was not used as a comparison index. Therefore, for compensator-based IMRT, the comparison index R T is equal to the R on .
Results
The characteristics of the unflattened beam
At the same pulse rate, the dose per pulse of the unflattened beam measured for a 10 × 10 cm 2 field at a reference point, which is on the central axis of the field at a source-surface distance (SSD) of 100 cm and at a depth of 1.5 cm (approximately the depth of maximum dose), is 1.92 times that of the flattened beam. That is to say, the ratio of beam-on time is 0.522 when the same amount of dose is given to the reference point of 10 × 10 cm 2 open field. When the reference point is at 15 cm depth, the dose per pulse is 1.82 times that of the flattened beam, and the R on is 0.549. The percentage depth dose (PDD) of the reference field is shown in figure 1 . The surface dose of the flattened beam is 46.6%, while the one of the unflattened beam is 53.1%. The d max of the flattened beam is 1.2 cm, shallower than that of the unflattened beam, which is 1.4 cm. The depth doses of 10 cm and 20 cm are 65.9% and 38.0% for the flattened beam, 63.8% and 34.9% for the unflattened beam, respectively. The tissue-maximum ratios (TMR) of 10 cm and 20 cm are 77.1% and 51.7% for the flattened beam, 74.6% and 47.5% for the unflattened beam. In Focus TPS, the parameters and spectra of its physics-based algorithms were fitted. The average energy at the central axis is 1.50 MeV and 1.91 MeV for unflattened and flattened machines, respectively. The flattened beam penetrates deeper than the unflattened beam due to the hardening effect of the flattening filter. Therefore, the R on of a point at deeper depth is larger than that at shallower depth. Figure 2 shows the diagonal profiles of the 35 × 35 cm open field at SSD 100 cm and depth 10 cm. The profiles are normalized to the dose of the unflattened beam on the central axis. Without the filter, the profile becomes conical. For the range of off axis distance (OAD) −7 cm to 7 cm, the dose varies from the dose on the central axis within 10%.
The treatment planning results
For nasopharynx patients, the field length (i.e. the size in GT direction) ranges from 6 cm to 12 cm (mean 9.2 cm), and the field widths (i.e. the size in AB direction) ranges from 6 cm to 14 cm (mean 9.1 cm). The depth of the plans' isocentre ranges from 7.7 to 9.3 cm, the average is 8.4 cm. For each patient, the dose distributions are quite similar for each pair of plans (i.e. flattened/unflattened Elekta-type MLC-based plans, flattened/unflattened Siemens-type MLC-based plans, flattened/unflattened Varian-type MLC-based plans and flattened/unflattened compensator-based plans). Figure 3 shows the dose volume histograms (DVH) of eight plans for a nasopharynx case. All the plans meet the treatment goals. For prostate patients, the field length ranges from 8 cm to 14 cm (mean 11.4 cm), and the field widths range from 6 cm to 15.3 cm (mean 10.9 cm). The depth of the plans' isocentre ranges from 8 to 17 cm, the average is 13.9 cm. patients. For both nasopharynx and prostate groups, the segment number of the Varian-type SMLC is less than those of the Elekta-type SMLC and Siemens-type SMLC, while the leaftravel time of the Varian-type SMLC is longer than those of the Elekta-type and Siemens-type SMLC at the same leaf speed. The delivery of the Varian-type SMLC is efficient because the treatment delivery time is less than 6 min at the above-mentioned settings.
Ratio of the beam-on time, R on , ratio of the total number of segments, R seg and ratio of the total leaf-travel time, R mlc
The average R on of each type of IMRT plan and the average R seg and R mlc of the SMLC-based IMRT plans for nasopharynx and prostate groups are listed in table 2. The values of the average R on are similar. The average R on of all nasopharynx tests is 0.561, which is slightly smaller than that of all prostate tests, 0.578. This is because the depth of nasopharyngeal tumours is shallower than that of prostate tumours. It can be seen on the PDD curve (figure 1) that the PDD of the unflattened beam becomes smaller and smaller than that of the flattened beam as the depth increases from about 2 to 20 cm. So the R on of a point at shallower depth is smaller than that at deeper depth. This may also be due to the fact that the field size of nasopharyngeal tumours used is smaller than that of prostate tumours used. It can be seen from the profile of the unflattened beam (figure 2) that the dose becomes lower and lower as the off-axis distance increases. So to give the same dose to a depth, it may need more beam-on time for the segment that is beyond the centre axis than that for the segment on the axis. The average R on of all tests presented here is 0.570. That is to say that the beam-on time reduces by 43.0% without the flattening filter. The average R seg of all nasopharyngeal SMLC-based plans is 1.010 and the average R seg of all prostate plans is 1.020. In most cases, the number of segments needed for an unflattened beam is slightly more than that for the corresponding flattened beam. This may be due to the off-axis characteristic of the profile of the unflattened beam. For a relative homogeneous fluence map, more subfields may be needed using the unflattened beam than using the flattened beam. The average R seg of all tests is 1.015. The average R mlc of all nasopharyngeal SMLCbased plans is 1.007 and the average R mlc of all prostate plans is 1.059. The average R mlc of all tests is 1.033. So the number of segments and the leaf-travel time increase by 1.5% and 3.3% for the static MLC technique. Table 3 lists the R T of the MLC-based IMRT plans with different leaf speed, dose rate and V&R time. For compensator-based IMRT, the R T is equal to the R on . It is shown in table 2, and therefore is not listed in this table. For flattened/unflattened Elekta-type and Siemens-type MLC-based IMRT plans, the R T decreases while the V&R overhead time decreases. The treatment delivery time reduces most for both nasopharynx and prostate groups when V&R only considers the leaf travel. At the same V&R setting, the R T of Elekta-type SMLC plans is bigger than that of Siemens-type. For flattened/unflattened Varian-type MLC-based IMRT plans, the R T with the lower dose rate and higher leaf speed is smaller than that with the higher dose rate and lower leaf speed. The treatment delivery time reduces most by 29.8% and 22.2% at a dose rate of 300 MU s −1 and leaf speed of 3 cm s −1 for nasopharynx and prostate groups, respectively. The data show that the relative contribution of beam-on time to the total treatment delivery time becomes more important when the dose rate becomes lower and the leaf speed becomes higher, or the V&R time is shorter. That means the influence of beam-on time on the reduction of treatment delivery time is bigger for the lower dose rate and higher leaf speed, or shorter V&R overhead.
Ratio of the treatment delivery time, R T
Discussion
More than one component may influence the treatment delivery time. The relative contribution of each component may be different and depends primarily on the MLC characteristics, dose rate and the dose delivered per fraction.
The MLC leaf movement constraints can affect the segmentation result. From section 3.2 we can see that, for both nasopharynx and prostate groups, the segment number of the Varian-type SMLC is less than those of the Elekta-type SMLC and Siemens-type SMLC. This is because the Varian MLC allows full interdigitation. This characteristic may also result in a longer leaf trajectory. So the leaf-travel time of the Varian-type SMLC is longer than those of the Elekta-type and Siemens-type SMLC at the same leaf speed. For the Varian-type SMLC, the only inter-segment overhead time is for leaf travel. We can take the inter-segment overhead as a V&R time considering only leaf travel. So the setting of leaf speed 2.0 cm s −1 , dose rate 300 MU min −1 , V&R 0 s for the Varian-type SMLC can be thought as the same as the setting of leaf speed 2.0 cm s −1 , dose rate 300 MU min −1 , V&R considering only leaf travel for the Siemens-type SMLC. At these settings, the R T of the Varian-type SMLC is bigger than that of the Siemens-type (listed in table 3). It is due to the longer leaf trajectory of Varian-type SMLC plans. In this study, we find that the leaf-travel time of the Varian-type SMLC is much longer than the others (1.5 to 2 times). There is no intervention between the delivery of the segments, so longer leaf-travel time discounts the influence of beam-on time on the reduction of treatment delivery time. Increasing the leaf speed is a solution.
Longer V&R time also discounts the influence of beam-on time on the reduction of treatment delivery time. The R T decreases while the V&R overhead time decreases. The treatment delivery time reduces most when V&R only considers the leaf-travel. The reason for this is that the beam-on time is relatively shorter than the total V&R overhead time, and the leaf-travel time is usually smaller than the V&R overhead. For the plans in comparison, the maximum leaf-travel distance between two consecutive segments is 8.5 cm and the maximum leaf-travel time is 4.25 s at the leaf speed of 2 cm s −1 , and most of the leaf-travel times for two consecutive segments are within 3 s. So the time for leaf travel is shorter than the V&R overhead when the V&R overhead is longer than 4.25 s. The contribution of beam-on time to the treatment delivery time increases when the sum of V&R overhead time decreases. Consequently, the influence of beam-on time on the reduction of treatment delivery time increases when the V&R overhead time decreases.
At the same V&R setting, the R T of Elekta-type SMLC plans is bigger than that of Siemens-type (see section 3.4). This is because the Elekta-type machine has an inter-segment startup time (about 1s) while the Siemens-type and Varian-type machines have very short ones that can be neglected. Another reason is that the segment number of the Elekta-type SMLC is slightly more than that of the Siemens-type (shown in section 3.2), which is due to the leaf travel constraints. The Elekta-type MLC requires the maintenance of a minimum gap of 5 mm between leading and trailing leaves and to align with their adjacent counterparts while the Siemens MLC allows the leaves to close and to align with their adjacent opposite counterparts.
From the above results, we know that the characteristics of MLC may influence the treatment delivery time. The segmentation algorithm may also influence the result. It is shown in some studies (Que 1999 , Langer et al 2001 that the algorithm of Bortfeld et al uses the fewest possible monitor units but may use more segments. For a system with a longer V&R overhead time, minimizing the number of segments may significantly reduce the treatment delivery time. Que suggests that it is desirable to have multiple algorithms available in a clinical treatment planning system which will search through all algorithms automatically and find the most efficient delivery sequence for a given treatment because no single algorithm is the most efficient for all clinical cases or intensity maps.
Our result shows that the segment number increased slightly without the flattening filter. There is a way that may help reduce the number of segments without the flattening filter. It is to consider the feature of the natural intensity map for an unflattened beam during the optimization process. As has been done for a flattened beam (Spirou et al 2001) , a score is added to the objective function that specifies the smoothness of the profiles as an optimization criterion. This intensity-modulated beam smoothing method may reduce the number of segments without the flattening filter.
In this study, the fraction dose is 2 Gy/fx. We can calculate the absolute treatment delivery time reduction using the data listed in table 1 at dose rate 300 MU min −1 and leaf speed 2 cm s −1
. For example, for a nasopharynx case using the Siemens-type SMLC, the absolute time reduction is only 0.7 min and 1.1 min when V&R is 12 s and considers only leaf travel, respectively. For a prostate case using the Varian-type SMLC, the absolute time reduction is 0.9 min. For compensator-based IMRT, though the relative treatment delivery time reduces by 43%, the absolute time reduction is only 1.0 min and 1.4 min for a nasopharynx and a prostate case, respectively. Relative to a time slot of 10-20 min for one fraction treatment, a reduction of 0.7-1.4 min may be thought of as of no clinical significance. The results in this study show that though the beam-on time is shortened without the flattening filter, the absolute treatment time reduction is not prominent at the fraction dose of 2 Gy because with this fraction dose, the weight of beam-on time in the treatment delivery time is relatively small. If the fraction dose is as high as the dose of radiosurgery (Yin et al 2002 , Nakamura et al 2003 , the beam-on time and its weight in the treatment delivery time will become important. Consequently, the time reduction effect without the flattening filter will become prominent. For example, if the fraction dose increases to 12 Gy, the absolute time will be reduced by 6.6 min, 6.2 min, 6.8 min, 5.8 min and 8.2 min, respectively, for the above examples.
The flattening filter of the BJ-6B linear accelerator, which produces a 6 MV x-ray beam, is made of an alloy of lead and tin. The filter is made as thin as possible in order to get a proper output. The maximum thickness is only 8.7 mm, so it will not enhance the dose rate so much by removing the flattening filter. That is why the effect of increasing dose rate without flattening filter in our case is smaller than that reported by O'Brien and Gillies (1991), which is 2.75 times the dose rate with flattening filter, and the variation of the average energy at the central axis is also smaller than that reported by Lee (1997) . For a machine with higher energy, the filter becomes thicker, and thus the dose rate increases more when the filter is removed. Therefore, we expect that the reduction of the beam-on time will be greater.
Conclusions
This study is based on six hybrid machines that combine the beam data of a BJ-6B linear accelerator with/without flattening filter, with the Elekta, Siemens and Varian type MLC, respectively. Without the flattening filter, the machine dose rate increases to 1.92 times. Focus TPS is used for the IMRT treatment planning of ten nasopharynx and ten prostate patients. The study shows that, without the flattening filter, the beam-on time reduces by 43.0% for both static MLC and compensator-based techniques; the number of segments and the leaf-travel time increase by 1.5% and 3.3% for the static MLC technique. With different optimization algorithms and segmentation algorithms, the segment number of the unflattened/flattened IMRT plan may reduce. However, the general conclusion will not change, i.e. the relative IMRT treatment delivery time decreases more with lower dose rate, higher leaf speed and shorter V&R overhead time without the flattening filter. The absolute time reduction depends on the fraction dose. It is not clinically significant with a fraction dose of about 2 Gy, but becomes significant when the fraction dose is as high as that for radiosurgery.
